Introduction
There has been growing interest and research effort into the optimisation of PVT solar collector systems as they are quite simple and cost-effective systems that are easily integrated into buildings, making them more readily useable for commercial and personal on-site energy production. This provides an economic tradeoff over higher quality multi-junction solar cell systems which are undeniably the better system but not at a point where production can be industrialised for widespread use and are also susceptible to defect failures. This meta study has been conducted in order to collate design and optimisation elements between different branches of PVT research that have not been consolidated experimentally.
PVT systems are a combination of traditional single junction photovoltaic systems and solar thermal systems. The basic skeleton for any PVT system is outlined in Figure 1 below.
Figure 1.
An example PVT system outlining the basic structure for how it collects both electrical (component 3) and thermal energy (component 6). Image from source [12] The basic premise is that these systems provide both electric energy (typically referred to as "high quality" energy in literature, as it can be applied to more tasks or even re-routed to the grid) collected from the sun and also absorb what the photovoltaic component cannot absorb through the thermal back sheet (component 6 in Figure 1 ) to heat a working fluid that can be stored for later use.
Photons of light with sufficient energy to promote electrons in semiconductor materials (referred to in the literature as surpassing the band gap energy Eg) interacts with the semiconductive material and takes electrons from the valence band to the conduction band. This process creates an electron-hole pair, of which the electron must thermalise until it can recombine with the hole it created in the valence band. It is this electron liberation process that is used as electrical energy in all solar powered systems, by creating metal contacts between negative (electron donor) and positive (electron acceptor) type semiconductors to create a circuit. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Conversely, light that does not have sufficient energy does not interact with the PV component, passing it and thus being collected by the thermal backplate. The backplate also collects radiative heat from the thermal relaxation of promoted electrons that absorbed photons of light larger than Eg that are preparing to recombine in the PV component of the system. [3, 4, 7] The spectral percentage of sunlight that cannot be collected by Silicon (typically Eg=1.1eV) due to insufficient photon energy (that is to say, the energy of the photon is smaller than Eg) has been widely known to be 19%. [23] Photons absorbed that are above the bandgap also do not fully contribute their entire energy to the production of electricity in a photovoltaic cell, as predicted by the Schockley-Quessier paper detailing efficiency limits. [23] The energy that exceeds the bandgap in reality turns into thermal energy as the electron needs to radiate heat in a thermal relaxation process. The trade-off here is that higher Eg materials produce higher energy electronhole pairs but interact with a smaller spectrum of the sun, and the inverse is true for smaller Eg materials. For Silicon single junction cells, this typically results in a total electrical loss of 48% from spectral losses alone. [23, 24] Figure 1 . An example PVT system outlining the basic structure for how it collects both electrical (component Multi Junction PV cells (also known as tandem cells) have already been developed and do see use in applications where the financial and production barrier are not an issue. These cells work by layering many different types of semiconductive material (as shown above in Figure 2) , with the premise being that the high Eg material on the top layer absorbs high energy photons efficiently, letting lower energy light pass through it and liberate an electron from a lower layer with more suitable Eg.
Energy "Quality" and Comparison to Tandem Cells
This causes multi junction cells to have a much higher electrical collection efficiency, which is the more desired "high quality" energy that can be converted to a wider variety of thermodynamic outputs. Theoretical efficiency limits are based off how many layers a multi junction cell are comprised of and in practicality the band selection also plays a part, but two layer cells are theoretically capped at ηe=42%, three layer cells at ηe=49% and so forth with diminishing returns, with an infinite layer multi-junction cell being capped at ηe=68% in unconcentrated sunlight operation. [26] While both theoretical and experimental results are both outperforming PVT ηe values, there are many challenges in actually implementing these for widespread use, as these systems are very prone to heat defects as the lattice points of each semiconductor layer must be matched and this can easily be ruined by heat induced defects during operation, dramatically lowering efficiency. [24] [25] [26] [27] Production of these cells for large arrays also proves to be very costly and time expensive, thus widespread implementation as a primary private renewable is quite far off compared to PVTs which are robust and much simpler in design and production. [26, 27] PVT systems however are still useful since commercial single junction photovoltaic devices in practical use quite often have to convert the electrical energy they collect into thermal energy to heat water, leading to a dramatically lower collection efficiency for this purpose which accounts for 21% of commercial/personal household power usage and the single largest source of greenhouse gas emissions for households in Australia. [6] PVT devices overcome this conversion inefficiency by directly collecting the surplus thermal energy and dumping it into a heatsink (component 6 of Figure 2 ) as hot water.
Not only does this collection method increase the spectral efficiency of the collection system as a whole [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , but the thermal component by nature acts as a heatsink for the photovoltaic component. This allows PVT systems to double down on efficiency gains, as higher thermal output means lower PV operation temperatures, which increase PV collection efficiency as well. [3] Typically solar cells are not only fully thermalised in real world application, but are actually operating at temperatures that are hot enough to decrease electric collection efficiency, typically operating at 40℃ above ambient temperature Ta. This is past the optimal thermalisation temperature and when PV cells tend to display more intrinsic semiconductor properties and lower electrical efficiency due to thermal resistance. [3, 8] This truth in application has led to some research looking into hydrogenated amorphous Silicon (aSi:H) being used for the PV components as opposed to traditional mono or polycrystalline Silicon (c-Si), as the temperature coefficient for a-Si:H is typically 0.01% per Kelvin [5] compared to the c-Si value of 0.04% per Kelvin. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] This is also due to the fact that a-Si:H can operate at a higher temperature, allowing the thermal working fluid to be raised to a higher temperature as well since the Second law of Thermodynamics dictates that heat can only go from a hotter body to a colder one. [5] High temperature conditions also cause accelerated degradation of the photovoltaic system through the means of thermally activated degradation processes, which include polymer degradation and collector contact corrosion. This typically results in a PV collection efficiency degradation of 1.3%-2% per year in hot climates such as India and Africa, with the higher range of values coming from countries with more humid conditions causing moisture intrusion degradation. [8, 11] This degradation dramatically lowers the expected service time of a module compared to colder climates (0.2-0.8% per year) [8, 10] , leading to a typical service life of 10-15 years for a single junction PV collector in these hot climates when using the criteria that a performance loss of 20% is considered a failure. [9] An overall performance indicator of the PVT system can be expressed as:
Where ηTh is calculated as the thermal collection efficiency with respect to the the energy available after photovoltaic interaction, not to be confused with the collection efficiency with respect to the energy available from the radiation source.
Thermal Parameters to address.
For most conventional PVT systems, water collectors are used to remove heat from the thermal component. In this hybrid open/closed system, water is pumped around the system at a specified mass flow rate m, which cools the PV component of the system (so long as the liquid is cooler than the cell) and can then be stored for later use. This differs from other liquid thermal collection methods such as closed loop systems where a working fluid such as glycol or mineral oil are used and transferred to a heat exchange system when needed, so that liquid never leaves or enters the system.
Insulating the stagnant air surrounding the PV cell from the surrounding through glass coverings is also another design parameter investigated, as this aims to reduce conduction loss from the stagnant air and the thermal collection system to the surroundings. [1] It has also been hypothesized in PVT design that the glass cover may also be reflecting light from the cell and lowering some of the electrical efficiency and thus some thermal efficiency as high energy light bouncing off the front panels are simultaneously not creating electron-hole pairs and thermal energy from relaxation processes.
Geometric design considerations of the piping in the thermal system must also be considered as maximising contact area and minimising heat loss to surroundings is pivotal. The three main geometric design types for the thermal absorbers were as follows; Web Flow, Direct Flow, Spiral Flow. [1] The main parameters each design focused on was maximising path length of the water for spiral flow, minimising contact time over max area for direct flow and a compromise between the two with the web flow designs, which are shown in Figure 1 . As mentioned before, a-Si;H has garnered attention in the PVT research efforts as another commercially viable photovoltaic source, as the high operation heat and low α values associated with a-Si:H allows it to heat the working fluid to a higher temperature above Ta and work as a more symbiotic hybrid system. [5, 13, 14] 
Photovoltaic Parameters to address
The Photovoltaic (PV) component of the system directly converts solar energy to electric energy which is more convenient to use (hence the term 'high quality' energy often used in literature), however it has a much lower efficiency than the thermal collector. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Due to the real life working condition affecting efficiency of PV cells, a cooling system is necessary for the PV cells to improve the performance, as they typically have a resistivity/temperature coefficient of 0.04% per Kelvin. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] A simple way of cooling PV cells is by increasing the working fluid mass flow rate (m) of the hybrid system, however it has a critical point while it may cause the decreasing of the thermal collectors efficiency, while also lowering the output water temperature. Compound Parabolic Concentrators (CPCs) can also be employed to increase the amount of solar radiation per unit area a cell can receive, which normally introduces heat defects and accelerates degradation in a system without adequate cooling measures [3, 5, 7, 8] , but in the case of PVT systems, this allows the cell to not only get more light, but we can also control the temperature of the system by adjusting m which should counteract the extra heat that could cause accelerated defects. [2] This should also allow the output temperature of the working fluid to reach higher temperatures, as the cell would otherwise be running at much higher temperatures above Ta.
CPCs work by concentrating rays that would otherwise not hit the array into more localized pockets within the PVT system as shown in Figure 5 . While an overall expression of concentration for the entire system within the CPC is known to be:
This expression typically leads to C>2 values when using θaccept as shown in Figure 5 but by referring to the ray diagram, this concentration is not uniform throughout the cell, and the localized pockets of high concentration cause the overall efficiency to not increase linearly with C as local pockets receiving concentrated radiation may be operating at much higher temperatures than the bulk system. [16] [17] [18] [19] 29 ] Figure 5 . A ray diagram of a CPC, the most important parameter of which is θaccept which determines concentration factor C. [29] 
Methods
In this meta study, searches were performed through several databases; ProQuest Science & Tech, SCOPUS and Google Scholar. The initial focus was categorised to photovoltaic systems and their operating numbers (efficiencies, current limitations, etc.) to help identify technological inefficiencies in the system. Extra research was then done on current and proposed designs to increase solar cell efficiencies since some designs only achieved a maximum efficiency of 46% (Best Research-Cell Efficiencies NREL). These designs include Photonic Photovoltaic, convex photovoltaics, multi junction cells and Thermal Photovoltaics. Photonic, convex and multi junction photovoltaics have the disadvantage of cost in manufacturing and operation while photonic designs are theoretical with no supportive evidence, convex designs have been tested but are costly, and multi junction cells only slightly increase coverage in the solar spectrum while ignoring possible benefits from thermal heat.
For this study, research from 2010 onwards were used to provide the information and data we used to inform decisions on optimisation parameters, with key search terms including: Thermovoltaics, Photovoltaic / Thermal, Photovoltaic efficiency, efficiency, PVT, single junction PVT and Photovoltaic Thermal Design. While economic and financial numbers are part of the research effort and real-world application of PVT usage, papers that focused specifically on or had an economic lens were avoided, as this paper is designed more to be a scientific meta study written by people who would be non-experts in analysing the economic impact.
Selection criteria for a-si:H and c-Si systems based on energy profiles between the different systems were based on the 21% of household power consumption as thermal statistic of source [6] and average power consumption as reported by Ausgrid in source [30] . However, for statistics and well established percentages and theoretical limits widely referred to throughout the literature, the year restriction did not apply as many of the theoretical concepts underpinning solar cell efficiency have been around for many decades (such as the Schockley-Quessier Limit and solar spectrum data).
Any statistics collected from the papers that were a part of the 2010+ cutoff were analysed in Excel by normalizing for sample size when comparing and collating efficiency values between experiments. When timed data was presented, the average value for efficiency was taken for the data captured in order to compare between papers.
Results and Discussion

Water Collector Design
In terms of physical design parameters to address, Fudholi et. al found that across all systems, ηTh increases as mass flow rate m of water increases. This increase in thermal efficiency is directly related to the reduction of both operating temperatures of the systems and internal cell temperature, increasing PV electrical collection efficiency. [1] [2] [3] [4] [5] [6] [7] [8] This is of course, at the trade off of the increased work required to pump the water around the system. Figure 6 . PVT efficiency plotted against mass flow rate m from Table 1 .
Between Web Flow, Direct Flow and Spiral Flow designs, Spiral Flow produced the best thermal collection efficiency at 68.4%, most likely due to a maximization of area coverage and a minimisation of path length, increasing the collection area and reducing thermal loss to surroundings. Spiral flow outperformed Direct Flow by 1.6%, which is significant as most schematics found in the papers resembled direct flow the most in terms of water flow design. This assumption that current non specified thermal designs are operating on direct flow-like systems will be used for the conclusion. In Figure 7 we can see that the output temperature of the water is affected mostly in terms of temperature stability in systems that implement the CPC, and the mean temperatures during operation times were typically 1.7±1% greater in CPC versus non CPC systems (on a Kelvin scale). Whilst the uncertainty shows that it wasn't guaranteed amongst all trials to improve significantly, this can be attributed to both the localized high heat conversions that are inherent to CPCs, different weather conditions and reasonable statistical variance for something as stochastic as solar radiance in outdoor experiments.
-Thermal Parameters
Sources [1, 2, 7, 17] also reported an average 6.1±0.4K decrease in PV operation temperature for m rates greater than 0.003kg/s when compared to an m of 0.0012kg/s which is the lowest value any paper provided. This corresponds to a operational lifetime gain of 80% as outlined by X. Sun's analysis. [3] The results shown above in Figure 8 also reinforce the notion that the addition of CPC is a benefit for PVT thermal stability. Despite an electrical efficiency drop, the total system can still collect more total energy, albeit not at a linear scale that increasing C would have us believe. This was due to local C values at some points of the system reaching as high as 25 despite average C values being within the range of 2-3 for the entire system, causing local pockets of very high resistance and temperature PV collection. [16] [17] [18] [19] [20] It was also determined that between closed and open glass designs, the efficiency gain was minimal for the overall system (usually less than 1%) when using closed glass systems, but in terms of energy profile, it was typically ηPV losing 2±1% for an ηTh gain of 3±1% when implementing closed glass systems. [2, 3, 7, 8] However, the potential ηPV gain of open glass design is not conducive to durable systems as the open glass design accelerates corrosion and requires maintenance to remove debris from the array. [8] 
-Photovoltaic Design
Collating the PV performance results from sources [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] showed that a-Si:H shows moderate promise at being able to operate at high temperatures more conducive to an efficient thermal source in application, while also providing a 7.9% gain in overall PVT efficiency when compared to c-Si modules operating at the temperature range between 50-100°C, which is shown to be a realistic operating range as PV modules generally operate at 40°C above ambient temperature. [3, 5, 8] Despite this however, the actual energy profile of a typical a-Si:H system is typically 9.1% [5, 13] electrical energy in experiments [5, 13] , compared to the determined average of 13% across non CPC c-SI systems [1] [2] [3] [8] [9] [10] . Overall efficiency was determined to be 72.3%, meaning that 63.2% of an a-Si:H system is low quality thermal energy that cannot be converted into work (and thus electricity too). The limiting factor of requiring to anneal a-Si:H defects after long operation can also be circumvented by using them in conjunction with solar concentrators, which can raise the operating temperature and electrical efficiency by 3% [2] , and mounting the a-Si:H closer to the thermal backplate, allowing the a-Si:H to anneal on a daily cycle in ideal conditions which is more than often enough for it to get closer to conventional c-SI PV modules. [5] As shown in Figure 9 , implementing CPC in PVT systems resulted in an average ηPV of 14.8±1.4% compared to the 13±1.2% in non CPC systems. Some of the ηPV gained by implementing CPC is offset by the hotter running temperatures and localised C values being ~10 times higher than the calculated average as discussed prior. In reference to the data displayed by Figure 10 , the overall PVT performance with CPC was determined to be on average 3.9% when compared to non CPC systems, with ηPV accounting for 1.8% of that increase and ηTh accounting for 2.1%. By using the average of NSW data presented in Figure 11 , it was found that the average daily power consumption was 15.7kWh/day (or 5.65x10 7 J/day) when normalised for population of each suburb. This means that 21% of this energy (3.297kWh/day 1.19x10 7 J/day) is required to run thermal operations such as heating water according to. [6] Taking an average Sydney c-Si PV power output of 3.9kWh/day of high quality electricity [30] , we find that a PVT system in the same conditions (which produce roughly 5 times as much thermal energy) would produce much more than the required 3.297kWh/day that the average household needs, thus diminishing the benefit that a-Si:H systems greatly, despite their larger overall ηPVT. It is important to note that the increased ηPV of the c-Si cells can be rerouted to the grid, whereas excess thermal energy can not be put into the grid and must be consumed on site.
-Selection criteria between a-Si:H and c-Si PVT systems.
Conclusions
The research investigated shows that future commercial devices can adopt new design factors such as a-Si:H solar cell fabrication and spiral flow thermal piping design, and maintain current closed glass designs to maximise total PVT efficiency to 72.3% by adopting spiral flow water design, which maximises surface area and minimises water path length to increase thermal yield, bypassing the 90-95% conversion efficiency of going from electric to thermal in a heating application. [28] While implementation of a-Si:H does increase ηPVT, the proportion of high quality electrical energy compared to thermal energy only makes it suitable for select applications where thermal energy is needed. Using the statistic outlined in [6] concludes that for personal use and data gathered from [30] , a-Si:H PVT systems provide no tangible benefit for private/personal use as they overproduce thermal energy which must be used on site and cannot be rerouted to the grid.
In using that criteria from [6] , we then suggest implementing closed glass c-Si PVT systems with Spiral Flow, CPT and m values larger than 0.003kg/s, which should add 5.5±1.6% to ηPVT for conventional c-Si PVT systems and increase system longevity by 80% at minimum.
